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ARSTRACT

Pagsive neutron coiancidence countiag |is
capable of 1N assay accuracy for pure, well-
charscterised PuOz samples that contain pluto-
aium masses from a few tens of Qrams to several
kilograms. Moisture in the sample can signif}-
cantly bias the assay high by changing the (a,n)
oseutroa productioa, the sample multipllication,
and the detectioa etficicacy. Monte Carlo cal-
culations and an analytical model of coincidence
counting have been used to quantify the individ-
ual and cumulative effects of molsture biases
for two PuO; sample sises and a cange of mois-
turs levels from 0 to 9 wt\. Results of the
calculations suggest a simple correction proce-
dure for moleture bias that (s effective from O
to 3 wth H30. The procedure requires that the
misture level in the cample be known before the
colncidence meaguremant.

X. 1NTRODUCTION

Neutron colacldeace couaters are used rou-
tinely fs U.8. Depsrtment of PFnoerqy (DUOR) and
iaternational facilities for quick verification
measurements of a wide variety of uranium- and
plutonium-bearing materials. Typlcally., sctive
interrogation is the preferred techanique for
uranium ana passive counting for plutoaium. The
mosc frequently used nassive uncutron counter 1L
the HLNC.I11,! which 1s the standard instrument
tor 340py (effective) verificetionn made ty the
International Atomic EnscrqQy Agency and EURATOM-
Lurembourg inspectorates. The 240p, (oftective)
determinatinn (s combined with a plutonium-
fsotopic measurement to vyield an independent
veritication of sample plutoniwe mass.

Assuming a set of pure PuO; samples with
known anrd uniform plutonium {sotopics and uni-
focrm bulk densivy, the plutonium mass of verifi-
cation samples from tho sat can be mesanuted to
better than IV accutacy i % min of counting
using only the uncorrected real colncidence
rate. An alyorithm that corrects Cor samples
detector neutron multiplication effocted yields

<1v  accuracy for jure PuO; samples with known
but variable plutonium isotopics and variable
bulk deasity.

II. PROBLEM STATEINENT

Residusl moisture cap be pregent in PuO;
tapples that must be verified ugjng neutcon co-
ingidence counting. MWeiscure effects the ungor:
rected real soincidepge couynt. race in chree
waye. Firat, the awmber of neutrong produced
by (a,n) reactions jin the sample is incressed.
fecond, the pumber of iodyced-figcion neucrons
(muleiplicacion) ia lacressed becauge hydroqen
lowers the geutron energy. Third, the detectjon

X
neytron euesqgy. The Sellatield (United King-
dom) exercise of January 1988 ldentifled three
samples that showed positive bias in both uncor-
rected and multiplicatlion-corrested coincidence
rates.) The bieses were ascribed to several
possible causes., lucluding H;0 contamination,

IIl. CALCULATIONAL METEOD

A hybrid Monte Carlo/analytical model! has
been used to calculate colncidence court rates
Cor & ).0)-kq PuO; sample (Sellafield sample
#17) snd a 1.0-kg eample (Los Alamos sample
LAO261C11) measured ip an HLNC-II. The H;0 con-
tent of the samples vas varied from 0 to 9 wth,
The KLNC-Il/sample geometry and materials were
modeled Cfrom design drawings, Los Alamos de-
structive ascalyses, and information from Jet, ),

for the Sellafleld sample, the bulk dersity
used for the dry PuOz was 1.642 gsem).  inis
value was obtained from results of pacamettic
multiplicetion calculations made by P. Rinard.’
The dry-material bulk density used for rhe Los
Alamos PuO; sample wvau 2.%02 qsem?,  Thia value
was obtained from the net we.ght and a tadio
9raph to obtain the fill height, Table { e
tines characteristics ol the two samples used
for the calculatiorns. Note the Yellefield a iy
more_ then & factor of 2 larger than the !
Algmos a.



TABLE [

SAMPLE CHARACTERISTICS

Sellafield 017

a £ 1as
ruig) 072
8y (wev) a.ns
%y (V) 67.38
130py (wrv) .12
16lpy (wrv) a0
18lpy (wevr 1.0)
1l P (e 3.88
180py o1t (@) ne
139:241p, g, 1027

at 0 ass
sig-cald:® 1 2

Loa Alamss "AD261C11
—ian ol o-08)

878 ¢
-089

-
»
-

ie® 3
720.9

fa--tas retie of [4.8) to speatamsews [100i6s msutress emitted is the sample.
valuss iisted are ler dry. pure Puly: that 1.

-0 01 ¢ - l1alt

FeT] - 169t

1 FTYT

10 ° 1.6y |...i

vasre T , & are veigRa pareests of piuteniun isoteres and I4laa.

Up--ary-sampie Buld Gamsity ssed im caisulation.

IV. CALCULATICEAL RSSULTS

Results of tne Sellafield sampie calcuis-
tioms are shows io Table [I. HSeal coiacldemce
counmt races Dbefore muitiplicatioa correctioL
(BC: ware ceiculated for samples with 0. 1. ).
5. 7 and 9 wtN N30 using the formalism of Ref.
[} Water wa@ AasSumed TO iACrease the samsple

depsity. not its voluse. The IMC coimcidence
couit ratea increase wvwith inCreasing moiscure.
approaching )0V cocpared with the dry coust

race for tne 9 wes Ha0 case. Jowaver., for [ip-
100ed PuO; powder, -1 weS H3Q ARPROGIS (0 Pe 4
REactACA) upReY AAmi% for the malociSy of cases

2f _JEteKeet This observatioa is sade based oa
destructive asaiyses of eelected moliet sampies
'a Curopean and DOB faciiities. As Tanle Il
snows the BMC moisture Dias at ) weh H;0 from
ali effects ies -8\ The etfficiency &7 Diss
~gmponen= and the a Dida component are Doth
-1 3% whereas tnhne induced-fisglon Ay tiplica-
*1on 1M1 component 1§ ) 4\ Note tnese effects
40 not add %0 the toTal DECAuse the equation for

the realp rate is aoniinear in ¢ and M and con-
ralng products sl ail three -ariabies Individ-
<8l DLAS pcnenrs were determined Dy fubDst)-

ruelng ApPrepriste calcuiared -alues of ¢ m.
and a4 1nta the emact eapresalion for the coiscl-
dence count rate 19ee Ref 4!

fox sEaMpie, %9
2ptaip LAY 3.8y 4 ples, tAe JIY-3amRif vaived

for ¢t and g aad the wet () wid Ha0) vaiue ol M

figure 1 18 &
plut of rre wot-to-dr» ratio of the BT or ua-
correcred :eals rate ve molsture coateant for
the doilafielid ond Los Alamos samples. The two
pnint  sets 1epreseat thw Dbisses froe all
olfacrs

Tubdio I also shows
sftsr-auitiplication-zdrreceio:
dence <Ourt ratss

adlétare biraseas 'n
CANC 3 coinel -

requires 'he parameters pg apd K
*he =eafdured --lues of R ana T!.

ialony with
where

and

.. ux_u_ T wly o i



TABLE II

PERCENT BJIASES IN REAL CJDINCIDENCE RATES
CAUSED BY »OISTURE 0-9 wes HQ)
SELLAFIELD SAMPLE 017 (1.01 =g PuOj!

ign correceidn

fore Mu jac
YN RO Al mggects st %
] - - -
1 G.9 2. 09
3 8.0 2.2 1.4
-] 6.9 5.1 5.4
1 1% 4 io 6 1.9
] 9.9 21 116

Afver Muitipiication corresgion

@ AL} 3fzects ¢ 0 oz
[ ] 22 -0.2 - 19
2.2 7.7 0.9 - 6.0
.5 12.9 i 0 - 1.0
7 18.08 3.? - 4.0
.8 1.7 12 - 17 9

8¢ 15 the Dias resuiting from tne detection efficlency chRange with molgturle
B 1s the bDias resuiting from =he ™mu.tipiication rinduced-fi88100! ChADge with

molglure
Sa is the Dias resuiting from

UNCORRECTED REALS
1.‘ T T

Seliafieic Sampie 217
(3.03 kg PUOy)
13 LAD201T 11

(10 kg PuOy) @

1.0 —_—
0.9 e s A
0 1 2 3 4 8 6 7 8 9
WEIGHT % He0
rig 1 Calcuiated HRLNZ.11 coiacidence re-
sponse ratio Dbefore muitipilcation correctivn

ag a funcrion of moisture content in Pul:

The change In (a.a;

reactiong with moigture-

The parameter pp pertains to a nopsuitipiying
sample and contains detection efficiescy. -
fractiom of pulses couated 1o the coinciderce
gace. for and the fi:st and second reduced ~o-
mgnte of the spoatAReOuSs-figssicn m™ultipiicity
distribution. The parametar » contains (irsct
and second reduced momsats of bdoth spontaneous
and i1nduceld fissios multiplicity diatributiona.
Vaiues of pg « 0.107¢ and K » 1 111 were caicu-
is*ed using Monte Carlo averages of ¢g. fg. 0!
and uTU - TI! for the renge of fos Alamos sampie
mgases '1see Ref 4: vaiued of 0% a 2 136 and
STo - T1% o 3 82) were "az.n from Ref 7?7

As indicated 1a Tabie I[I.
from all effecta for the corrected reals rates
+AMC! 1BCreases with 10CreASiINg ™OLECur® con-
tent approachiag 211N for 9 wen H;O This ~aiue
Is aimogt thnree-fourths that 2f che OeC Dias
For tne ) wrh 30 case the AMC Pias 18 -7 7N
from aili effeces TRis vaiue 18 neariy e~wal "2
rne correaponding BMC pDias. Tadie [I aiss sncwe
tne ¢ component of Dpias for ) wt\ Mz g

the M component 168 §0r2 and the a -3mpPs -
ngnt 1s -8 N Tnese AMC Dias compcrnents =0re
30"ained using & procedure entending NYE
fcr tne BMC components Apprapriare -ai.en .f
€ ™M and Q@ wOre SuDBTIC.ted 1=L2 "NE GENAIT Ox
presaionas for R and T These were fubar:
ryred into the MC AIQOriTAm (A15NG wirn =n@e ap
ptcprlito vaiue for Dg' %o yleid zhe AmC ‘.al.e
for R iR A 1 L 59 JDsaLs

+Q.9% ¢ Dipp, weS-eptPiIO® Pives I §. M aC

the molisture Dias

chat
=3 9N

ther




wery ised to cajcuigte 2 and T. Thess ware usad
with thg dry-gampi¢ vaiue of pp_to yield B. from
the W algorithm. This procedure isdlaces the

Dias resuiting from cthe fact that ¢ has 1in-
creased .ecause of moisture and op coatains the
wrong dry-sarple vaiues for efficiency icgg) and
gate fraction (€g). The multiplicycion (M) Liss
£omponepy 19 remnved by che definicion of che MC
fiqorichm. That 1s. if the moist values for a
and pg are used. che algoritha automacically
corrects for multiplication effects. even 1if
produced Dy moigcJre.

Ipble [I showy chat by fay che largesy AMC
hias compopypt arjges from yge of Jry-sarple a
ig che NC sjgorichm. Kote rlso chat the ~AMC a
bias is roughly three times the DMC a bpias com-
pomdmt.  If _the mojgtyre conjaminatign range
9-3% 39 compjdered, the (G.p) Dias aftes mujey-

i 1 r oni pignificantg
seEpounent .

F.gure 2 i3 & plot of the wet-to-dry ratio
of thne AmC or muitiplication-corrected coinci-
dence count rates vE TGLEture® content for the
Sellafield and Los Aiamos sampies. The upper
point se%s describe the Ddiases f(rosa all effecta
and the liower point sets are the detector effi-

ciency t¢) biases oply Note che Dbigy effeccy

o sll!
1°aller =ass and the emaljer g.
MULTIPLICATION -
14 CORRACTED REALS
Sellafield Sampie 017
a T
o (3.03 " :uo,)n e
1o | Uit ?h e e [
@ LAO0291C11 }tlln Onty
§rat
a
€
| a o
vk
- 0 o
o

10¢ 2

o-. L A . A A A b A J
¢ 1 2 3 4 8 &6 7T 8 9
WRIANT % H0

rfig. 1 Calcuiated ~iNC-I1 colncidence re-
sponse rat:o after muitipllcation corrections
as a functica 2t mQisture conteat in PuO;.

Tabie III shows the same resuits as Tadie
II (Seliafield sampie’) for rtne Los Alamor sam-
pla. The BMC and AMC Diases from ail effects
are smaller for the Loe Alamos sampie compared
with those for the Sellafieid sample. Tha BMC
D1as componente for ¢ an® M are smaller Dpecause
che Los Alamcs sample <ontains approximacely
one-third the H;O mass wnen compared with tne
Sailafield sample at cthe same wts Hy0. The
eacra H0 1in the Sellafleld jampie produces a
softer ceutron spectrum. which increases ctne ¢
and M Dias components. The Seiilafieid ary-
sample a 1s 2.18 times that of che Los Aiam:s
sasple. This difference 1increases tne Dpias
arising from using a dry-sample a t0o apalyse a
wet-sample measurement. This result is refiect-
ed 1n the BNC and AMC blas cosponents Deing uni-
formly lsrger Lot the Seliafield sampie tnan for
che Los Alamos sample.

v. NOISTURE-CORSECTION PROCEDURE

In the algorithm that rmoves multipiica-
tion induced-f1ssion) contribaticas to the
measured coincidenie® coubt rate. the (a.n! new
tron production terms appesrs through the parare-
ter a. which is defined as tne number of fa.n!
neutrons pProduced i1n the sasple dividad py che
numbe = of spontsa..ecus-fission aeutrons produced.
*f ve define a a8 the appropriate ratio for a
wet sample and as that fer a dry one. data
from SOURCIS codo” calcuiations have been firted
extresmely woll with *-¢ quadratic

Ilﬂollllznlll - 89 - €3}
whe’e 5 = wts N0,
a3 = -0.000766).
sy v 0.04)87. and
ag = 1.0008.
) { 1 -
Giwe-18QCORIC CORLONS-

Resuits of the Monte Cario and SOURCES code
caiCu.ations suggest the foiiowing procedure fot
removing the effects of moigture ([rom neutran
coincidence counting:

“1) Degermine TPe "0igtufe s6rieag of :-ne
18%pje On¢ may taxe the operat-r &
procees value or. 1f an 1ndepe-1enct
verificacion 1s required. ane may a.se
SuCh approacnes as nuliear ™ajqnetic
resonance. Jdual-ring oepectrai i-dem
=9asurements uslng & Aa@utran calnc,
dence counter. and Dare JHe dere-ca:
ngas.-ements

‘2' CalCwiate 90 for SNy dry sampie ..
she oorma} progedure And Jetir™ine 1 1
£12% LNe Wgowy mojqtyfe pIrcestage s-d
. 1))



TABLE III

PERCENT BIASES IN REAL COINCIDENCE RATES
CAUSZD BY MOISTURE 10- 9 wth HyO)»
LOS ALAMDS SAMPLE LAQ26iC11 (1 xg P.Oz)

Before Mujtipilcacion Correctior
a .

Aftyr Muit?!piicatio. Correction

wes H. O ) <
2 Ail Effects c W’ a_  All pffects t w a°

h] - - - - - - - -
0.958 g1 -0.2 9.2 “2 9.9 -0.1 - a9
i 190 9.3 g ¢ A | 1.7 g.1 - i
3 5.0 2.8 1.3 0.7 S.2 0.8 - 4.2
5 67 3.0 2.4 ) W 7.9 1.0 - 6.8
1 1) 3 7.8 3] 1.8 12.13 17 - .3
) 17 8 8. 5.8 10 14.8 39 - 11 ¢

8¢ ir the Dias resulting from tne detec.icp efficiency charge :-ith moisture

DM is tne Dias resuiting from tne muitjipiicecion «iaduced-f18813n! chénge with

mol8Curle.

a i1s tne Dias resuiting from the chanje i1n (3.A) reactions wirz: MQ1gture.

13) ‘eagere LPRe sample in ap nLMC-II €t for High-Mass Plurosiuam Sampies. Los Aiamos
appil SuiCipiirc on _correc n Nationzl Laboratnry ceport LA-10815-M8 «Feoruary
a§ing thn val af a erer=min 1387
from gtep (2)

The resuits of Tapies I and II show that ._ais
procedure shouid yield 1N\ Dias arising :rom de-

rector efficiency changes (or moisture <aiues
<V wes HaG.  If ctne ALMC-.[ moderator were in-
creased. cnis s»ail bia) wouid siso disappear.
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